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Abstract 
 
This paper presents results of Free Surface 
RANSE (Reynolds Average Navier Stokes 
Equations) simulations of the flow around a 
MedCup TP52. Appendages forces 
calculations are important to know their 
hydrodynamic characteristics when they work 
jointly. In the ETSIN towing tank, some tests 
had begun to measure hydrodynamics forces 
in each appendage that allowed evaluate the 
forces distribution in different conditions. Star-
CCM+ has been used to compute drag, lift and 
wave elevation. It is shown how the CFD 
analysis has been prepared and the results 
obtained in these simulations comparing 
experimental with numerical results and the 
grid influence on it. Finally, it is observed that 
with limited resources, reasonable good 
results could be obtained. 
 
 
Nomenclature 
 
L Length 
B Beam 
D Draft 
Fn Froude Number 
δ Rudder Angle 
λ Scale factor 
H Canoe body, Hull 
K Keel 
R Rudder 
Bb Bulb 
c Chord 
AR Aspect Ratio 
b Span 
S Wetted Area 
Λ Sweepback angle 
t/c Thickness/chord ratio 
Alat Lateral area 
 
 
1. Introduction 
 
The Drag and Lift of the appendages of a 
sailing yacht have since long been an area of 
extensive research. The development in the 
design of sailing yachts has a considerable 
extend in this area. In particular, in the recent 
years, events as America´s Cup, Volvo Ocean 
Race or the Med Cup take importance. 
 
Appendages, keel and rudder basically, has 
an important role in this kind of ships working 
along with the hull as airfoils generating the 
force necessary to compensate the lateral 
component of the forces of the sails. The 
vessel sails with a leeway angle due to this 
force, and the rudder has in addition the 
mission to correct that angle to maintain the 
control of the boat. The keel contributes 
volume for the ballast necessary to fulfil the 
stability requirements and connects 
structurally the bulb with the hull. 
 
To investigate these interference effects it was 
decided to carry out a series of experiments in 
the ETSIN towing tank. The aim of these 
experiments is to separately measure the lift 
and drag of the three different components of 
a yacht hull, the canoe body, the keel and the 
rudder, under different combinations and 
conditions in order to determine their mutual 
interaction [1].Besides, modern Computational 
Fluid Dynamics techniques based on RANSE 
flow simulations are used to visualize and 
determinate some of the effects that are 
difficult to observe in the experimental test. 
RANSE simulation are flow analysis method 
based on the solution of the Reynolds 
Averaged Navier Stokes equation.  
 
Applied to hull, rudder, keel and bulb, these 
methods provide results comparable to towing 
tank obtained and allow the analysis of local 
flow phenomena easier than in the 
experimental test. 
 
 
 
2. Experimental Method and 
Uncertainty Analysis 
 
The model which has been used for the 
measurements is a Transpac 52 class. The 
lines plan of this hull is presented in figure 1 
and the appendages used in the experiment in 
figure 2. For towing tank tests a scaled model 
was made (λ=5.5). In this study a bulbed-keel 
and a rudder is used, but different keels and 
configurations will be tested in the future. The 
principal appendages dimensions used for the 
measures are presented in Table 1. 
 
 Keel Rudder Bulb 
croot [m] 0,165 0,091 - 
ctip [m] 0,106 0,024 - 
Alat [m2] 0,060 0,033 - 
S [m2] 0.120 0,066 0,101 
AR [-] 3.315 7,217 - 
b [m] 0,449 0,467 - 
cmean [m] 0,136 0,060 - 
Λ (º) 5,36 12,16 - 
t/c [-] 0,147 0,217 (D/L) 0,185 
L [m] - - 0,486 
D [m] - - 0,078 
 
Table 1: Main particulars of the appendages 
 
Experimental tests have been carried out in 
the towing tank of the ETSI Navales (U.P.M). 
The towing tank has a length of 100 m, a width 
of 3.8 m and a depth of 2.2 m. The top speed 
of the carriage is 3.5 m/s. 
 
Tests were realized in upright condition for 
three velocities Fn = 0,252; Fn = 0,336 and Fn 
= 0,420 (6,8 and 10 knots according to Froude 
Law scaling). 
 
The rudder angles were also chosen to 
provide a wide range of test data for δ = -8º to 
δ = 8º varying rudder angle each 2º. 
 
One of the aims of this article is compare 
numerical results with experimental. The 
experimental tests have an uncertainty due to 
the instruments (acquisition, calibration and 
set up) and the environment where the test is 
done. These are called systematic errors. In 
table 2 the main errors are presented. 
 
Item Type of error Size 
Velocity Carriage set up 0,004 m/s 
Temperature  enviroment 0,1º 
Heel Error Misaligment set up 0,25º 
Model Misalignment set up 0,1º 
Keel Misalignment set up 0,1º 
Rudder Misalignment set up 0,025º 
Carriage 
Dynamometer acquisition 0,00012 mV/ V 
2 Components 
Dynamometer (H) acquisition 0,00012 mV/ V 
5 Components 
Dynamometer (K, Kb) acquisition 0,00012 mV/ V 
6 Components 
Dynamometer (R)  acquisition 0,00012 mV/ V 
 
Table 2: Uncertainty elements  
 
Furthermore, there are other kinds of errors 
due to the impossibility to repeat the same 
measure twice. They are the precision errors 
and are estimated as two times the standard 
deviation of the sample series. In this case 
four measures for the same point were taken 
to determinate it. 
 
Finally, the total uncertainty of a single 
measurement is calculated as: 
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where b1..N are the bias errors of the N 
elementary error sources and P the precision 
of the samples series. [2] 
 
For each case, errors have been analysed 
independently. The following table presents a 
resume with the maximum and minimum 
values obtained. 
 
 H + K +R Keel Rudder 
 Drag Lift Drag  Lift Drag Lift 
Max [%]  3,25 5,67 4,75 2,31 6,62 5,10 
Min [%] 1,43  4,22 3,01 1,90 3,56 1,75 
 
Table 3: Maximum and minimum errors 
produced in the measurements 
 
 
3. Numerical Method 
 
3.1 Geometry Generation 
 
The geometry generation is quite important. 
Without a good geometry it would be 
impossible to realise a satisfactory meshing 
and numerical analysis. Furthermore, the 
geometry must be the same used when the 
model was made. These kinds of draws 
usually are not quite clean for CFD users. 
 
Some aspects that have been considered are 
the surfaces joins, singularity points, 
duplicated elements, units system used, the 
correct surface smoothing and tolerances. 
Tolerances have an important role in this kind 
of analysis. This model has four bodies: 
canoe, keel, rudder and bulb. They must been 
perfectly joined to avoid gaps. If there are 
some gaps between them, the CFD will not 
mesh the object correctly 
 
The programs chosen to made geometries 
were Maxsurf and Rhinoceros. There were the 
same programs used to build the model for the 
towing tank tests. The model was drawn from 
the planes with Rhinoceros building the 
geometry from lines and NURBS surfaces 
(figure 3). To avoid singularity points, the 
surfaces fine edge in the appendages have cut 
and as shown in figure 4.  
 
Finally the geometry is exported to the CFD 
software through iges or nas format. 
 
3.2 Volume Control 
 
The model is mantled with a structured volume 
grid, made automatically by the CFD, 
consisting of hexahedral elements with prism 
refinements in boundary layer area (figure 4).  
 
The computational domain as shown in figure 
3 consists of approximately 2.1 million grid 
cells, including refinements in the expected 
area of the free surface, the appendages 
surface and the boundary areas (figure 5). 
Two prism layers were chosen to capture the 
boundary layer. The first one with six elements 
in the appendages and the other with fifteen 
elements as they are shown in figure 6 
 
The simulation environment around the TP52 
extends 1L to front, 1.5L to sides and 3L in the 
wakefield of the test case. The box extends 
0.75L above the hull and 1.5L below. It is 
important to reduce as much as possible the 
wakefield without interfering in the results. A 
wakefield too short produce reverse fluids and 
a too long one has a lot of unnecessary cells. 
 
The box walls are treated as free slip walls 
whilst the hull and appendages are defined as 
no-slip walls. The inflow boundary conditions 
applied at the inlet is a velocity condition with a 
free stream turbulence intensity level while at 
the outlet a hydrostatic pressure is set.  
 
3.3 Numerical Analysis 
 
Numerical computations for marine 
applications involve the coupling of a RANS 
flow solver (with free surface capability) to a 
body motion and a mesh motion/deformation 
solver. The RANS equations are solved using 
a finite volume approach. 
In this case a commercial RANS solver, CD-
Adapco STAR-CCM+, is used to calculate the 
forces and the flow around the investigated 
hull and appendage set. This solver use a 
finite volume based method to solve the time-
averaged Navier-Stokes equations in a 
computational domain around the investigated 
body [3],[4]. Descriptions of RANS method are 
widely available [5], [6].  
 
STAR-CCM+ code is based on a finite volume 
discretization, the free surface is modelled 
using a volume of fluid (VoF) method [7]. The 
air-water interface is kept sharp using a high-
order advection scheme based on the high 
resolution interface capturing (HRIC) 
interpolation scheme [7],[8] 
 
The code use a friendly package that includes 
the latest physical models and solver 
technology (turbulence models, transition 
models, 6 degree of freedom body motion, 
integrated unstructured volume meshing 
polyhedral and trimmed cell approach, etc). 
Furthermore it works easily with complex 
geometries and physics. 
 
Accurate viscous solutions require refined 
mesh resolution near the wall. Two-Equation 
turbulence models (k-epsilon and k-omega), 
and Stress Transport Model, along with wall 
functions, are generally used to decrease 
computational time, while keeping an 
adequate accuracy. Finally, the turbulence 
model chosen were k-omega Stress Transport 
Model. 
 
The turbulence model used, SST k-ω, is a 
two-equation model for turbulent flows with 
integration to the wall (low-Reynolds model), 
expressed in terms of a k-ω model 
formulation. The k-ω  shear-stress-transport 
(SST) model combines several desirable 
elements of standard k-ε and k-ω models. The 
two major features of this model are a zone 
weighting of model coefficients and a limitation 
on the growth of the eddy viscosity in rapidly 
strained flows. The zone modelling uses the k-
ω model near solid walls and a standard k-
ε model near boundary layer edges and in 
free-shear layers. This switching is achieved 
with a blending function of the model 
coefficients. The SST model also modifies the 
eddy viscosity prediction, improving the 
prediction of flows with strong adverse 
pressure gradients and separation. [9], [10] 
 
The code allows three different turbulence 
specifications for defining turbulence: K + 
Omega, Intensity + Length Scale and Intensity 
+ Viscosity Ratio.  
 
K + Omega gives direct specifications of the 
values of k and ω. Intensity + Length Scale 
and Intensity + Viscosity Ratio calculate k from 
a specified turbulence intensity I and the first 
calculates ω from a length scale L whilst the 
other one from the ratio of turbulent to laminar 
viscosity. It is only recommended use the first 
method when the velocity field is initialized to 
zero. Additionally for the last case, a turbulent 
velocity scale node will appear in the initial 
conditions node. 
 
As the velocity field is initialized to zero, finally 
the tests were done with the K + Omega 
specification. 
 
Simulations were processed on five cores and 
two personal computers equipped with Linux 
were used. A typical run time for an individual 
run with those processors is approximately 48 
hours.  
 
 
4 Results 
 
4.1 Convergence 
 
The CFD code is run until convergence (all the 
residuals level off). A residual is a measure of 
how much the solution to a given transport 
equation deviates from exact; the lower the 
residual, the better the convergence, because 
it is impossible to obtain a difference equal to 
zero. 
 
The residuals for the different turbulence 
specifications are quite different obtaining the 
lowest values for K + Omega, as it is shown in 
figures 7a and 7b. But, if the forces residuals 
are compared, after a start phase in which the 
initial flow field is allowed to consolidate the 
system start to converge to the solution before 
with other models. 
 
The convergence criteria used for these 
simulations was the differences between drag 
measures were below 10-4 during 10 iterations. 
The simulations were programmed to stop at 
10000 iterations to analyse if the process 
tended to converge if the analysis would not 
finish. 
 
Moreover, the simulations with fifteen 
elements in the rudder boundary layer were 
started with the results obtained with six 
elements. That decreases the calculation time. 
(figure 8) 
 
Finally, local properties of the flow field, such 
as wave height, and integral properties, such 
as forces (lift and drag) and moments acting 
on a body, are calculated from the converged 
solution. With most CFD codes, this can also 
be done “on the fly” as the iterations proceed. 
In many cases, in fact, it is wise to monitor 
these quantities along with the residuals 
during the iteration process; when a solution 
has converged, the local and integral 
properties should settle down to constant 
values as well. 
 
4.2 Wave Cut Analisys 
 
Local properties are a good indicator that the 
analysis is correct. In this case, the wave 
pattern analysis was chosen. This kind of test 
give information about the residual resistance 
produces by the hull. 
 
The wave elevation measurements have been 
obtained in a tank-fixed reference frame by an 
array of three resistive probes assembled on a 
movable cross slide that was able to move 
transversally to the direction of the model 
motion. Each probe recorded a time history of 
the wave elevation related to a value of the y 
coordinate. Water level variations in the 
towing tank are transformed instantaneously 
into proportional variations of conductivity, 
which by means of a signal conditioner, are 
transformed into electrical signals and change 
to the real value in millimetres again. Due to 
the high repeatability of the wave pattern 
generated by the model, the wave field has 
been reconstructed by means of a series of 
time-dependent readings. Moving the probe 
array each run, it has been possible to cover a 
large portion of the generated wave pattern. 
For this test probes were situated in three 
different positions 0,5665B, 1,058B and 
1,5508B where B is the beam of the sailing 
ship. These distances were chosen because 
the estimators needed to analyse the wave 
making resistance are known [11] and they 
could be necessary for future analysis. 
 
The results obtained with the numerical tests 
are compared with the obtained in the towing 
tank in figure 9a and 9b to see if the fluid 
behaviour is correct. 
 
The phase of bow, amidships and stern is 
calculated correctly. Despite the amplitude of 
the bow is correct, amplitudes of amidships 
and stern are smaller than experimental data 
in almost all results. These are sharply 
diverging waves from the transom and are 
much too diffusive. Behind the amidships, a 
series of short waves are observed in the 
experimental data. In this case, they are either 
underestimated in the computations.  
 
4.3 Resistance 
 
To obtain resistance measurement in the 
appendages, forces and moments on them 
were measured separately with their own 
dynamometer. They are attached to these 
dynamometers in such a way that the forces 
acting on them are only absorbed by the 
dynamometers, and not partly by the hull. 
 
These measurements are compared with the 
results obtained with the CFD. The software 
allows separating the forces and evaluating 
them separately.  
 
The K+Omega turbulence specification was 
used for upright condition in the range of 
velocities specified in 2. (Fn = 0,252; Fn = 
0,336 and Fn = 0,420) obtaining the results 
showed in figure 10, were the prism layer 
around the rudder were changed as it is 
explained forward. 
 
The prism layer around the hull was constant 
during all the tests. For the appendages, two 
test were made with six and fifteen elements in 
the prism layer. 
 
With six elements, resistance results for the 
bulbed-keel were accurate as it is shown in 
table 4.  
 
Fn  0,252 0,336 0,420 
Drag Exp. [Kg] 0,160 0,271 0,426 
Drag Num. [Kg]  0,168 0,275 0,432 
Error [%] 4,89 1,30 2,13 
 
Table 4 Resistance Keel results for different 
velocities and 6 elements prism layer. 
 
Due to the results observed in table 4, the 
prism layer around the keel was well defined 
with six elements and it has not changed. 
Tests with fifteen elements were also made 
and the errors were above 10%. The 
measurements errors in experimental tests 
were calculated as it is shown previously in 2, 
and the values are lower than 5%. 
 
The influence of the rudder resistance is too 
small. Better results might be obtained when 
the number of elements in the prism layer is 
increased in the rudder in the upright condition 
and the prism layer thickness is chosen 
accordingly. 
 
The tests were repeated to observe if there are 
some changes in the rudder in upright 
condition and when its angle is moved. (figure 
11) 
The results obtained are better for lower 
angles as there are expected due to the 
resistance curve but worst for high rudder 
angles. There is an important pressure 
component which is combined with the shear 
stress component.   
 
A detailed analysis of the prism layer shows 
us if it is well defined and if it captures the 
velocity profile fine. When y+ is larger than 30 
the code captures the boundary layer by 
means of a logarithmic approach or wall law.  
 
If the boundary layer is modeled by the user, 
from ten to fifteen elements are needed at 
least to simulate it. This requires that the grid 
must be sufficiently fine to resolve the inner 
parts of the boundary layers. To guarantee the 
first element is in the viscous sublayer is 
necessary that y+ ≤ 1. 
 
In figure 12a the six elements prism layer is 
shown and it is observed that the boundary 
layer appears only in the first prism and the 
grid is not correct. It was not a problem if the 
y+>30, but at it is observed in figure 13a this 
value is lower. The code could not solve 
correctly the problem because the data gives 
by the user are not correct. On the other hand 
in figure 12b it is observed that in the fifteen 
prism layer mesh y+ ≤ 1. The first element is in 
the viscous sublayer and with ten layers the 
boundary layer had been modeled. This is 
enough to solve it. 
 
Finally, the results obtained in Lift are very 
good with small differences with the 
experimental tests (figure 14). In this case the 
boundary layer does not have an important 
role as it have in drag predictions. 
 
 
5 Conclusions 
 
This work shows how well the simulations 
predict drags and lifts, and how the 
simulations might be used in the design 
process. It is important to have some 
experimental data to compare. 
 
Geometries play an important role. If they are 
not well defined, the results would not be 
correct. Keel and rudder must be meshed in 
different way. The prism layer that works well 
for one are not very good for the other, as well 
as, when the position of the appendage is 
different the prism layer works different. It is 
important observe them. 
 
Wave Cut results are good for a viscous code. 
Better results could be obtained if the number 
of elements in the free surface will be 
increased. 
 
Good predictions of difference in drag are 
obtained for the complete model and for the 
keel. The values for the rudder are better for 
small rudder angles. On the other hand lift 
results for rudder are better than expected. 
Drag rudder results could be improved if the 
problem and the prism layer are modelled 
better. 
 
If the resistance and wave cut results are good 
the case will be assumed as correct. This is 
important because with this tool other 
phenomena, which are difficult to observe in 
the towing tank, could be evaluated as 
streamlines or wave pattern along the hull. 
 
 
6 Future Works 
 
Numerical analysis with different heel and yaw 
configurations are being done. Furthermore, 
Different keel with different rudder positions 
are also going to be analysed numerically and 
compared with the towing tank tests 
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7 Annex 
 
 
 
Figure 1: Lines plan of the model hull used for the experiments. 
 
 
 
 
Figure 2: Rudder, Keel and Bulb used for the experiments 
 
 
 
 
Figure 3: CAD Model 
 
 
 
 
Figure 4: Bulb edge prepared for CFD 
 
 
Figure 5: Volume Control Mesh 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Rudder Boundary Layer (6 elements left and 15 elements right) 
 
 
 
Figure 7: Residuals and Drag Values for 6 elements boundary layer on the rudder 
 
 
 
Figure 8: Residuals and Drag Values after boundary layer has been changed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 9a 9b: Wave Cut Validation for Upright Condition 
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Figure 10: Total Resistance 
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Figure 11: Rudder Drag for different angles 
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Figure 12a : 6 elements boundary layer  Figure 12b : 15 elements boundary layer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13a : 6 elements rudder y+   Figure 13b : 15 elements rudder y+ 
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Figure 14: Rudder Lift for different angles 
 
